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VIBRATIONALLY EXCITED IONS; QUENCHING, LIFFTIMES

Report_on USAF research grant.

This grant was provided under an emergency procedure to enable a
successful collaboration between Dr. Eldon Ferguson at Universite
de Paris-Sud and U.C.W. Aberystwyth to continue when the
Aberystwyth SERC support falled for a period of 9 months.
(category alphsa but unfunded!) SERC support was renewed in
October 1988, The USAF support came too late to enable me to
employ Dr. R. Richter from Professor W. Lindingers laboratory at
Innsbruck but it was invaluable in that 1t enabled us to re-start
our measurement vrogramme by providing gas supplies etc.

The collaboration between Paris-Sud and Aberystwyth has now been
going on for nearly two years and has pvoduced & number of new
developments and several publications (2 papers published, 2
submitted and 2 in advanced state of preparation plus 2
conference papers (SASP and ESCAMPIG) a total of 8 papers).

Vibrational quenching studies

1. HC1l* (v=1) and DC1l" (v=1

The vibrational gusuching of HC1* (wv=1) and DC1™ (v=1) dione in
collisions with Ar and Kr have been measured in order to
investigate the effect of changing the vibrational and rotational
energy levels while keeping the intermolecular interaction
potential unchanged. The results tend to disapprove the modified
Landau-Teller type vibrational qQuenching mechanisam. Published:
Chem. Phys. Lette. 144, 131-5. 1988.

2, In the course of the above investigation measurements of the
reaction HCl1l* + SF. and HC1™ + CFa provided improved data on AE
(SFn* /SFs ) and AE (CFz*/CFa). Published Int. J.Mase Spec. & Ion
Proec. 79. 231-5. 1987.

3. HBr® and DBr”

Efforts to extend the above study to HBr* (DBr") was fruatrated by

the fact that the ground state spin orbit splitting is comparable

to the vibrational spacing. We could achieve success if we

develop an ion source which produces only (£ T s ) ground

state ilons. The opportunity was taken to do the HBr* ion

chemistry and this showed the existence of a stable FHBr molecule ————=
with D(HF-Br) >0.2eV. (HBr* ion chemigtry to be submitted -
Int.J. Mass Spec. and Ion Proc).
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4.Measurement of vibrational lifetimes (Einstein A coefficient)

A flow tube method of measuring vibrational lifetimes has been
developed at Aberystwyth and applied to the case of HCl"(v=1) and
DC1* (v=1) . The result for HC1® is in excellent agreement with
a theoretical value while the experimental DC1l* value ie eomewhat
lower than theory. (To be submitted to Int. J. Mass Spec. & ion
Proc).

5. Proton Affinity measurements

In a collaboration with Professor D.Smith and Dr. N.G. Adams at
3irmingham an improved proton affinity scale has been established
in the 130-140 kcalmol ! range (CFs to CO).Submittea to J. Chem.
Phys.

6. A study of several forward and backward proton transfer
reactions in the Aberysrtwyth SIFDT has demonstrated
that this method i8 capable of providing good data on enthalpy

and entropy charges in such reactions. Since the enthalpy
change = the proton affinity difference, a proton affinity scale
can be generated. These results reverse the previously held view

that a SIFDT apparatus would be unsuiltable for studies because of
the lack of thermodynamic equilibrium. This earlier view was
based on a reaction involving N:OH" but the conclusions were in
error because of the existence of two isomeric forms of Nz="H"
This new development is important because the SIFDT method can

be used over a very much larger energy range than a variable
temperature SIFT apparatus. In consequence this implies that
much larger P.A. differences can be investigated. Two
publications: Submitted to Int.J. Mass. Spec. and Ion Proc. and
to Chem. Phys. Letts.

In summary a very productive collaboration. Clearly not all this
work was completed in the 9 months support period provided by the
USAF eward but it provided invaluable support at a critical
period, Thank you very much. This will be acknowledged in the
published papers.

N.D.Twiddy. m\ Elq-(l\éT,
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HCl- (v=1) AND DC1- (v=l): (i) VIBRATIONAL QUENCHING BY Ar AND Kr
(ii) RADIATIVE LIFETIMES '

G. Javahery, M. Tichy and N.D. Twiddy
Physics Dept. University College of Wales, Aberystwyth

and

E.E. Ferguson, Physico-Chimie des Rayonnements, Universite de
Paris-Sud, Biatiment 350, Centre'Orsay, 91405 Orsay, France.

Both the vibrational quenching of HC1*(v=1l) and DCl*(v=1) ard the
radiative lifetimes of these vibrationally excited ions have been
been measured in a selected ion flcw tube SIFT using & monitor
ion technique:.2. The monitor gas employed in both studies was
N, since this proton transfers with HC1l: (v>0) and DCl*(v>0) bu:
is endoergic for both ions in the ground state?. Thus the
vibrationally excited species popuiation is monitored by the N,H*
(N,D*) signals. For the quenching studies* the N, is injected
just before the detection mass spectrometer and Kr and Ar are
introduced upstream. For the radiative lifetimes the N, is
injected at different points along the flow tube so that the
spatial decay of the vibrationally excited species is monitored.
The results of these studies are given in Tables I and II
respectively together with the data of other workers.

The vibrational gquenching of HCl*(v=l) and DCl*(v=l1l) ions in
collisions with Ar and Kr atoms at 300K has been measured in
order to investigate the effect of changing the vibrational and
rotational energy levels while keeping the intermolecular
interaction potential unchanged. All quenchings are found to be
efficient, P>20%, and the lighter isotope is found to be guenched
slightly faster than the heavier one. This is consistent with a
dominant role for rotational excitation in the V#T,R process such
that the advantage of the larger rotaticrnal constant ocutweighs
the disadvantage of the larger vibrational frequency. The same
situation had been reported for self-quenching of neutral
hydrogen halides and for vibrational predissociation of hydrogen
halide dimers and supported theoretically in terms of rotational
excitation coupling. The present results weigh strongly against
2 Landau-Teller type vibrational gquenching mechanism for the
molecular ions, modified by the existence of the attractive
potential.
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TABLZ I: ION VIBPATICONAL CUENCHING RATE CONSTANT (3COK)+

lon Neutral 1017k, X, /kq J)(cm:T) B{cm-1)
(cm3s-1) z
HCI- {v=I) He <0.3 >1300 2569 3.56
DCl* (v=1) He 0.2 >2800 1864 5.12
HCl*(v=1) Ar 350 2.0 2569 9.96
DCl*(v=1) Ar 186 3.7 1864 5.12
HCl* (v=1) Xr 660 1.2 2569 9.96
DCl+(v=1) Kr 430 1.7 1864 5.12

TABLE 11: VIBRATIONAL LIFETIMES (mS)

Ion ))(cm'ff’ Present Other work
HCl* (v=1) 2569 4.5+0.5 3.0+1% 4.6°8
DCl+(v=1) 1869 8.0+1 10+23

H. Bonringer, M. Durip-Ferguscn, D.W. Fahey, F.C. Fehsenfeld
and E.E. Ferguson. J.Chem.Phys.79(1983)4201.

J. Glosik, A.B.Rakshit, N.D.Twiddy, N.G.Adams aad
D.Smith, J.Phys. B11(1978)3368.

M.Hamdam. M.W. Copp, D.P.Wareing, J.D.C.Jones,K.Birkinshaw
and N.D.Twiddy, Chem.Phys.Letters 89(1982)63.

M.Tichy,G.Javahery,N.D.Twiddy, Chem.Phys.Lett.
144,Nc.2,1988.

G.Mauclaire,M.Herringer, S.Fenistein, J.Wronka and R.Marx,
Int.d.Mass Spect.Ion Proc.80,(1587)99.

A.J.Werner, P.Rosmus and E.A. Reinsch. J.Chem.Phys.
79(1983)905.
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International Journal of Mass Spectrometry and lon Processes, 79 (1987) 231-235
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

THE THERMAL ENERGY REACTIONS HCl* + SF, — SF;* + HF + Cl
AND HCl* + CF, - CF;” + HF + Cl

M. TICHY *. G. JAVAHERY. N.D. TWIDDY

Department of Physics, University College of Wales, Pengleis, Abervsowyth,
Dyfed SY23 IBZ (Gr. Bruaim

E.E. FERGUSON

Physico-Chinue des Ravonnemenis. Umicersité de Paris-Sud, Centre J Orsay,
91405 Orsay (France)

(First received 23 apnt 19870 in final form 7 July 1937)

ABSTRACT

Measurements of the reactions
HCl™ +SF, = SF.” +HF -C!
and
HCl" + CF, - CF;” + HF - (1
have shown thai the {irst reaction is exoihermic and the second nearly thermoneuiral In
conjunction with measurements carricd out elsewhere, this establishes that AE (SF. SE) =

1398 «0.03 eV and AE (CF;” CF;)=14.2+0.1 ¢V. Buth of these values are far tover eV
below current fiterature values ubtaned from photon and electron impact.

INTRODUCTION

In an extension of earlier work at Aberystwvth on the reactions of HCT®
ions [1}, a program is in progress to measure the vibrational relaxation of
HCI™ (¢ = 1) and DCI” t¢ = 1) using the same apparatus and applyving the
monitor ion technique for vibrational state detection that was recently
applied to O; (v and NO ™ (v) vibrational quenching [2.3]. The number of
possible vibrational quenchers of HCl™ (v) is extremely limited because of
the high reactivity of HCI ™ [1]. Tt either charge-transfers, proton-transfers, or

* Permanent address: Department of Llectronies and Vacuum Phvsics. Faculty of Muathe-
matics and Physies. Charfes University, Prague, Czechoslovakia.

0168-1176,87,,303.50 > 1987 Elsevier Science Publishers BV
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H atom abstracts with almost every molecule. One neutral, which should
have been non-reactive according to literature values of ionization energies
and proton affinities, is SF,. The parent ion SF," is unstable and values of
the appearance energy of SF from SF, range from 15.3 to 15.7 eV [4,5].
However, we found that HCI ™ reacts rapidly to produce SF,”, implying that
these high values of AE (SF," /SF,) are in error. The reaction inferred is

HCI* + SF, - SF;” + HF + Cl (1)

because this is the most exothermic possibility. Similarly. we also found the
reaction
HClU +CF, -~ CF + HF + Cl (2}
to occur. For reaction (1). the rate constant, 1.25 +0.25 < 10 % em® s, is
close to the Langevin collision rate constant. 1.2 X 107° em® 5%, and
therefore reaction (1) is exothermic. establishing that AE (SF,” /SF) < 14.17
eV. Reaction (2) has a rate constant 1 x 107" ¢m® s ~'. If the deviation from
the Langevin value in this case is entirely due to endothermicity. the reaction
could be endothermic by no more than AT In(k_/k,) = 0.06 eV, therefore
AE(CF;" /CF,) < 14.23 ¢V. That this is likely to be a correct interpretation
is established by the increase of k, with centre of mass kinetic energy. to
2.6 x 107" ¢m® 57! at 0.8 eV, suggesting that reaction (2) is very close to
thermoneutral. This is further supported by the pseudo-Arrhenius plot (&,
vs. E7' cm). the stope of which yields the value AE =0.04 + 0.01 eV.
Babcock and Streit [6] connected the energetics of the SF, and CF,
systems by finding the reaction

CF; + SF, = SF;” + CF, +0.17 eV (3)

to be 0.17 ¢V exuihermic from equihbrium constunt measuremen.s. Reaction
(3) is equivalent 1o AE(CF;" /CF,) = AE(SF,” /SF,) «~ 0.17 ¢V and. by com-
bining reactions (2) and (3). one obtains a lower upper limit for AESF,” /SF,)
of 14.0€ eV,

Babcock and Streit [6} also found
SE,” + NH, —» NH; + SF, ($H

to be fast and therefore exothermic so that IE(SF;) > IE(NH ). Values for
[E(NH,) are 10.154 = 0.01 ¢V and 10.162 + 0.008 eV [3}.

Babcock and Streit actually reported [E(SF,) > 10.43 ¢V, based on an
observed fast reaction with H.S(IE = 10.43 ¢V) which ihey assumed to be
charge-transfer. although they did not observe a primary product. They
observed H,S ™ as a secondary product which thev assumed was due to the
known fast reaction

H.S" +H.S—H,S" ~SH
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This higher 1E(SF;) is inconsistent with the AE(SF;" /SF,) and D(SF,-F)
and cannot be correct. Richter et al. [9] have re-investigated this reaction in
Innsbruck and determined that the reaction of SF,” with H.S is not
charge-transfer but rather a relatively fast three-body association which
simulated a siow binary reaction in the experiments of Babcock and Streit.

Combining a conservative lower limit of 10.14 eV for IE(NH,). and
therefore of 1E(SF;). with Kiang and Zare's [10] determination of D(SF,-F)
=3.95 £ 0.14 eV, one obtains AE(SF," /SF,) = D(SF,-F) + IE(SF;) > 13.95
eV. The recent critical evaluation of Herron [11) gives D(SF,-F)=4.01 +
0.13 eV, which would give an even larger lower limit of 14.02 eV.

In support of the lower AE(SF," /SF,). Richter et al. [9] have reported the
reaction

Kr*(*Py,2) + SF, — SF;” + Kr + Flor KrF) (5

to be fast and exothermic and we have verified that result in this laboratory.
This establishes that AE(SF,” /SF,) < IE(Kr) + D{KiF) = 14.0 ¢V + D(KrF).
The dissociation energy of KrF is very small (0.013 eV [12) and
AE(SF,” /SF,) < 14.02 ¢V. Also. Shul et al. {13] found the reaction

Ar] +SF, = SF” +2Ar+F (6)

to be exothermic, implving AE(SF,” /SE,) < 14.4 eV.

The upper and lower limits on AE(SF’ /SF,) are satisfied by
AE(SF;” /SF,) = 13.97 = 0.04 &V. The value of AE(SF,” /SF,) is thus very
tightly constrained! Equivalently. IE(SF,) = 10.0 = 0.15 ¢V and AH (SF.")
=11.6 £ 1.7 keal mol ™", utilizing AH(SF,) = —291.7 kcal mol "' {11]. The
above constraints show that the Gpper i, mdeed even the central values.
of D(SF;-F) are too high [10.11] and imply that D(SF, -F) < 39 ¢V

Further, we find that the reaction

Kr*(*P;,,) + CF, —~ CFy +Kr+ F (7

does not occur detectably. In view of the similarity of CF, and SF, ion
chemistry. this almost cereanly implies that AE(CF,” /CF,) < 14.0 ¢V, so
that reactions (2) and (7) bracket AE(CF;” /CF,) between 14.00 and 14.04
eV. As discussed above. the energy dependence of reaction (2) supports a
value near the upper limit, perhaps 14.2 + 0.1 eV. All literature values are
substantially higher. being typically 15.5 eV (4.5].

This in turn implies a lower IE(CF,) than is currently accepted. IE(CF,)
= AE(CF,” /CF,) — DICF,~F) < 8.64 ¢V, where D(CF,-F) is taken as 5.6
eV [14]. Kime et al. (13] have recently reviewed the thermochemistry of
carbon tetrahalide ions. They give TE(CF,) = 9.3 + 0.2 ¢V, consistent with
earlier values which they tabuiate (except for one anomalously high valae of
10.8 eV).

R .
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Kime et al. [15] also review the literature vatues of DICr,-Fy. the iowest
value in the literature is 5.03 eV, which is almost surely oo low. Of the four
other values listed. two are equal to 5.6 eV and two exceed this. It seems
inescapable that the present values of IE(CF;) are substantially too large.

It is apparent that the photoelectron appearance cnergies for SF.” /SF,
and CF;” /CF, measure vertical AEs, which are substantially higher than the
adiabatic AEs measured in the ion/molecule reactions. It is characteristic of
ion/molecule reactions to yield adiabatic exothermicities by virtue of the
intimate contact of sufficient duration to allow molecular geometry relaxa-
tion to adiabatic configurations. lon/molecule reaction studies usually yield
reliable adiabatic energy differences. It is. of course. fortuitous. although not
unique. for encrgies to be so tightly constrained by bracketing technigues as
they are for SF,” /SF,.

Reactions (1) and (2) are interesting reactions and somewhat unusual in
having three product particles. The reactions can be viewed as F o abstrac-
tion by HCl" to produce a transient CIHF molecule which decavs by the
most exothermic path to produce HF and Cl. Since a simple electron
transfer from SF, or CF, to HCI™ is endothermic by over T eV, the HF bend
formation energy is essential to drive the reaction and one must consider a
concerted process to occur 1n a transient complex. The positive H of HOT
approaches the venn polanzable SEF, (a = 348 A and abstracs an F
falling apart into HF + Cl = SF;". and similarly for CF,.

The abstraction of F~ from SF, by positive ions, producinz F bonds
well established from earlier work of Fehsenfeld [16] wito found that €7,
N7, 07, and CO~ all abstract F~ from SF, to form the corresponding
neutral fluondes and SE;”. These reactions are exothermic and wweur al near
the Langevin rate constant. as in the case of reacuon (1), Fehsenfeld found
that Oy and NO° did not react with SE| to produce FO. and FNO,
respectively, and these reactions are endothermic, even with the nes lower
value of AE(SF,” /SF,).
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VIBRATIONA! QUENCHING OF HCI(r=1) AND DCI(e=1) BY Ar AND Kr
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1. Introduction

Recent!s the (st ssstematic studies of diatoniic
pusitive son vibrational quenching have heen carnied
out, indluding some iatormation on relative kinetic
energy dependence and some limited information on
the vibrational siate dependence {1-6] Such mea-

surements have become possible through the use off

selected son tlow drift tue o tor the production of vi-
brationaily excited ions. their quenching and therr
detection fhy mass) an comjunction with the mon-
wor wn technigue faddition of @ monitor gas whose
reaction with the son depends on the ion vibratonal
state). The general pattern that occurs s that
quenching s usually rapid. Probabihities exceed 10

for almost alt neutral quenchers except the rare gases
and maolecular hydrogen. Itis also found that 1on vi-

Permanent address Departmoent o Elecironne and Vacuum
Phyaes Facults of Mathematios and Phages, Charfes Uaner-
site Prague 8. Czechoslovahig
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bratonal quenchrg rate constants generaily  de-
crease with relatise Kinetie energy

The farze quenching rate constants and their neg-
atve temperature dependences are 2 clear indication
of the dominant intluence of the long-range attrac-
tive forces i the guenching process. Most neutrai
diatomic molecular vibrational quenching (N. CO.
0., etc.) 15 charactenised by low etficiency and n-
creastng rate constant with relative Kinetic energy.
This quenching occurs as a result of the short-range
repulsive forces. The “impulsive™ energy transter ef-
fictency nicreases with collision energy and with the
steepness of the interaction potenual. The process s
well understood 1n terms of non-adiabatic encrgs
transter theory and was treated by Landau and Teller
[7] and is often referred to as Landau-Teller
quenching.

Recenthy Tanner and Marieq [8] have proposed
that efficient moiecular 1on quenching might be ex-
plained 5y a moditied Landau-Teller mechamsm,
The modification resulting from an attractive well 1s
twotold. an increase n the relative collision energy

D 009-2614'88:8 13,30 ¢ Elsevier Science Publishers BV, 131

(North-Holland Physics Publishing Diviston)
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and an increase in the steepness of the repulsive
interaction.

In cases where strong attractive forces operate in
neutral quenching, a less common situation than for
ions which have strong electrostatic attractions. vi-
brational quenching is also efficient and has a neg-
auve temperature dependence. No general theoretical
framework 1s available for the case of quenching
controlied by the long-range potential.

Tne purpose of the present investigation was to
t.olate the role of vibrational and -otational energy
leels while keeping the interaction potential con-
stant by the use of 1somers. The only substannual en-
ergy level change that can be readily reahsed for
diatomic ions involves hydride ions and therr cor-
responding deuterides. In the present case we have
studied HC1® and DCI™, for which the rotational
constants change by =2 and the vibrational energy
levels by ~ 2.

One practical problem with HCE 1s its extreme
reactvity - it reacts with almost every molecule that
15 tractable for study. Mans such reactions were
studied earlier in this laboratory [9]. The only suit-
able quenchers that we have found are the Arand Kr
reported here. According to energies reported in the
hierature SF, should not have reacted but we found
that 11 did. The value of AE(SF; /SF,) in the liter-
ature, > 15.5 eV, is grossty in error and a value
13.98 =0.03 ¢V has been determined [10]. CF, also
reacted with HCT® (both SF, and CI, give HF < (1
neutral products, and SFy and CF{ ion products)
and the literature value of the lonisauon energy is
again grossly in error, or rather refers to a verucal
rather than adiabatic energy. In the present study one
has to work with very low fractions of vibrattonaily
excited ions {1-2%). Also the spin-orbit splitting
produces two vibrationless states separated by 80
meV. 1., Iying below °TT, ., and these are about
equally populated 1n tonization {11]. This produces
an interference. as described below. One neutral
which  does not  react  exothermically  wath
HCl (r=0) is N, whereas HCl " (r=1)+N. »
N:H " +Clis exo-thermic and fast {9]. so that this
proton-iransfer reaction provides our monitor of the
HCH (0> 03 popr'stion. N, is added into the butt-
ered HCI™ plus quencher flow just in front of the
sampling quadrupole mass spectrometer and the re-
sulting N.H ™ ion signal is proportional to the vi-
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brationally excited HCI* population. Hence the
decrease in N:H* due to quencher (Ar or Kr) ad-
ditton directly measures the quenching rate constant
in the convenuonal way [ 1-3]. Only relauve 1on sig-
nal measurements are required.

Unfortunately the HC1* (°T1 .o r=0) reacis slowly
with N, (0 produce NL.H | in spite ot its endotherm-
icity. due to the high-energy tail of the 300 K thermal
ion and ncutral encrgy distributions. This N,H * sig-
nal vartes much more slowly with Ar or Kr so that
it simply provides a N-H* background signal to be
subtracted. thereby lowering the dynamic range of
the measurements and consequently their preaision
The DCL* (°TT, ») background contnbutionto N.D -~
background s less than in the case of HCH(°TT, ).
about one-halll consistent with the greater ¢ndo-
thermicity of the proton transfer 1o N, because of the
lower DC1™ zero-point energy

2. Experimental

The apparatus used 1s essentiaily that desenibed
prevtousty 9] and the montor won techmque s the
same as used here carlter for eicctromically exeited
state 1on reactton studies {1213} and elsewhere for
vibraztonal relaxation studies [ 1-3). The quenching
gases Arand Krwere BOC research grade and the N
was BOC CP grade. Since the measured quenching
rate constants are so large. trace impuntics could ;.lay
no role 1in the study. The vibratiopally excited 1ons
were obtained using a discharge source contaming
HC1 (DC or HCL (DCH~He mintures.

3. Results and discussion

Table [ gives the present results and some results
for Ar and Kr quenching previously reported for
comparison.

The HCL  (1=1) 1on represents the highes: fre-
quency 1on vibrauon for which collisiona!l relaxatior
rates have been mueasured. 225 ¢m ™' greater than
NO*(¢=1). The first striking point about the re-
sults 15 the large cificiency of the quenching (or the
small number of collisions. Z. required for quench-
ing on the average). In the case of Kr. the quenching
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Table |
lon vibrational quenching rate constanis ( 300 K
Ton Neutral 10"k, tem's ") Aok, vicm YY) Biem Ret
7
HCl (v=1) He <0.3 > 940 2569 9.4e
DCI* (=1 He <02 > 2800 1564 sz
HCl* {r=1) Ar 350 20 2564 9.96
Dl (e=1) Ar 186 3° [ELE) S12
HCU (e=1) Kr 660 11 2569 996
DCt {v=1) Kr 430 BT 1504 sz
Ofti=1) He <00 >3 1872 1.6 T
Ar 19 710 1572 159 {1
Ar 2s 250 1540 164 N
Kr 11 69 1872 I a9 i
Kr i 45 1840 I a4 (i
He <} BRI hRE R} 20 i)
NO (>0 Ar <t >0 1344 200 £y
NO >y Kr <008 > QM) 234 20 [14]

of HCl " (r=1) is =60 umes more efficient than the
quenching of O (r=1) and over 8000 times more
efficient than NO " (> () quenching.

A second point 10 be noted 18 the similarity be-
tween the Ar and Kr quenching rates. they ditfer by
only =2 with Kr being more efficient.

By contrast Kr quenches OF (r=1) an order of
magnitude more effictently than does Ar and the ra-
uo is almost as large (6.3) for O7 (r=2). This has
been attributed to the deeper attractive well for 1ons
with Kr duc 1o the larger Kr polarisability (248 &°
compared to 1.64 A" for Ar) as well as the lower 1on-
isation energy of Kr (14.0 ¢V ) compared to Ar (15,7
eV). It has recently been shown that the charge-
transfer contribution to the attractive potential s
significan: being as much as 40% . the attractive
potential for O7 and Kr. 36% for NO ™ and Kr. 3§8%
for O7 and Ar and 37% for NO~ and Ar [13].

Similar arguments would apply 10 the HCL™ and
DCl* tons. i.e. the electrostatic and charge-transter
interacions would both be greater for K than for Ar
and. in addition, the proton atfinities of Kr (101.6
kcalmol ') and CI(123.0) keal mol - ¥) are ¢loser to-
gether than are Krand Ar (88.6 keal mol *') <o that
any tendency for stabihity by non-resonant proten
transfer would favour the Kr over the Ar. The
HCl (r=1) quenching by Kr occurs on virtualhy
every collision, so one cannot sately deduce dynam-
ical properties of the collision from this, A simple
staustical. phase space argument tn a relatively long-

- - Aol

hived complex 1s a sattstactony interpretation of this
resuft,

The third point to be noted is the slight preference
for HCl'(r=1) quenching over DCl (r=1)
guenching for both Ar and Kr. This has immediate
significance in that it clearly weighs against a
Landau-Teller-type process in which the aduabatic
V -T energy transfer is driven by the impulsive col-
liston with the repulsive wall. The cntical "adi-
abatic™ parameter {13] J=ar/v1s simply the collision
lifetime. @/t (where a s a characterisue distance, the
repulsive force range parameter, and ¢ 1s the relause
velocity), divided by the vibrational period T=: '
and the probability of quenching s [13-17]
P~expl =§). Reducing v then drastically (exponen-
tally) increases P in this Landau-Teller-type refax-
ation. This Landau-Teller failure is consisient with
the previous finding from relative O, (1) and NO ~ (1)
quenching rate constants with common neutral
quenchers that no energy gap (or momentum gap}
principle appears to be operative in 1on quenching
[18].

We believe that both the efficiencies and the 1so-
tope effects 1n the HCU7/DCT ™ quenching are a con-
sequence of the importance of rotational product
excitation in the VT, R process and the distin-
gutshing significant characteristic of the hydnide ons
ts their large rotztional constant and the marked an-
isotropy of the potential due to the large dipole mo-
ments of the hahide ions. The rotauonal excitation

PR
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can be cither 1n the 10n as here or 1o the neatral tor
both) tor the case of molecular neutrals. The more
etficient quenching of O (v by H: than by D: ( =4
has been attributed to the larger H. rotationai con-
stant [ 18]

The same situation vecurs tor neutral hydrogen
chloride vibrational self-quenching. fn this case the
substantial attractive potential 1s 4 conscquence of
hydrogen bonding. The HClte= 1) quenching by HC!
1s about twice as tast as DCHe= 1) quenching by DCU
| 19]. This has been eaplained by Shin {207 as a ro-
tational effect.

Stmulariy, the vibrational predissociation of tHE»
dimer :s faster than (DFy - dimer {210 and thas has
also heen evplained as 2 rotational erfect by means
of close coupitng calculavons {22

There appears 1o be hide. of any, inherent duter-
snce i owon and acutral vibrationad relaxation when
these have comparable interaction potentials. OF
course. refattved farge attractions dre the geaeral rule
for wons due o the clectrostane atraction byt are
more the exception for (small) neutrals.

The sizmiticant role of rotational excitation s in-
timateiy related 1o the importance ot anisotropy ot
the interaction potential, This has been shown al-
ready by Osborn and Smith {23 trom trajecion cal-
culations for model neutral quenchine situations with
stgniticant attractive forees. [ has also been shown
10 be mportant by Tost ¢t ab. { 24) o trajecton cal-
culations tor the quenching ot (37 () by Kr. the onhy
1on quenching case so far that has been measured as
4 tunction of refativ e energy through the regron ot a
msimum n rate constant. The nmmum occurning
broadly n the energy region of the potential el
depth ¢ 20.33 ¢V demonstrates the predominance
of the attracuve forees at energtes much helow the
well depth and the repulsive torces at energies large
compuared to the well depth [1].

The importance of anisotropy (s also an aterence
from the analysis of Gistason and Ferguson [25 re-
laung vibrauonal quenching 1o interaction poten-
tals for the avanlabie O ) and NO ™ () quenchung
data. Tos suggested there that the key element ot the
ansotropy 1n the case of non-polar neutral gquench-
ers may be due to the short-range charge-transrer tor
wavefunctuion overlap) anteraction 10 some cases
ratier than to the anisotropy of the long-range po-
tentiai. Thas proposition s supported gqualitatively
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bs the correlation between quenchung rate constants
and the calculated charge-transter interaction for the
O7 iy and NO 0 quenching data that are avail-
able [231].

The fact that no signiiean. Jecrease in the back-
ground N.H ™ signal. ansing from HOU T ) re-
action with N o with Ar and Kr additon imphies at
most a very slev HOP o T 0 CHOH T,
quenching by At or Ko dess that 1 cmoy
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Abstract

The forward and reverse rate constants for nine proton transfer
reactions have been measured as a function of relative kinetic
energy using a selected ion flow drift tube (SIFDT). 1In all

but two cases van't Hoff plots of the equilibrium constant
against reciprocal centre of mass collision energy were

linear and values of the enthalpy and entropy changes were
obtained from slope and intercept respectively. Since A‘H is a
measure of the difference between the proton affinities of the
two neutral species, the data can be used to provide a protcn
affinity difference ladder. This ladder agrees extremely well
with the established proton affinity scale. The experimental
values of entropy change agree well with values calculated from
the entropies of the individual ilons and neutrals. The agreements
of the AH's and AS's so determined establishes the validity, and
utility, of a SIFDT apparatus for proton affinity studies,
reversing the previously held view which was based on FDT
measurements involving NzOH*. In the present study two N;OH®
measurements gave non-linear Arrhenius and van't Hoff plots,

and had to be rejected., in agreeement with the earlier work. Some
speculations of why drift tube measurements lead to reliable
thermodynamic data, in spite of the lack of thermodynamic
equilibrium between internal and translational modes, are

presented.
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Introduction

Experimental determinations of the forward and backward rate

constants for proton transfer reactions of the general type

XH* + Y &= YH* + H (1)

have been widely used,®-2-3 to obtain data on proton affinities.
If the equilibrium constant K = ke/kr is measured as a function
of temperature then from a van't Hoff plot of log K versus 1,.
the enthalpy and entropy changes, {\H and JAS , can be
determined from the slope and the intercept on the ordinate
respectively. The value of Aﬁ is equal to the difference of
the proton affinities of X and Y and AS is related to the ion
structures. Often, K is measured only at 3GOK and AS is

determined from known or theoretical entropies.

Recently in connection with unrelated studies, we made the chance
observation that the reactions of HBr* with both CO: and CH, are
endoergic*. Both reactions are proton transfer reactions so that
it was immediateiy evident that the proton affinities of 7C; and
CH, are less than the proton affinity of Br. This indicated that
the NBS tabulated value® for PA(CH,) was slightly too high (in
agreement with a recent high level theoretical calculation®) and
particularly that a recently propcsed increase” in proton
affinities in the 130 - 140 kcalmel-!* range 1is clearly

incorrect.




The problem in establishing an absolute proton affinity scale
lies in determining one or more fixed points to anchor the
relative scales that have been deduced by van't Hoff plots as
desc. ibed abuve. Since the proton affinity of Br is known with
spectroscopic precision® from the dissociation energy of HBr-,
this suggested the possibility of obtaining an improved PA scale
anchored to PA(Br).

In order to establish PA's relative to Br, and to each other,
proton transfer reaction rate constants were measured in a
temperature variable SIFT at Birmingham®. Values for P>'e of 02,
Brz, HBr, Nz0, HCl, CH, and CO; were determined relative to Br.
with what is believed to be an improved accuracy, conservatively
estimated to be better than + 1 kcal mol-*. For siXx common
species the new scale has average deviations from the NBS scale of
1.7 kcal mol-* , with a maximum deviation of 2.8 kcal mol-* (for
HBr). In most cases the new values of PA are slightly smaller
than the NBS values, but not in every case.

In the course of these studies we have learned, to our surprise,
that reliable PA differences can be obtained from "van't Hoff "
plots of rate constant vs reciprocal average centre of mass

kinetic energies i.e. from SIFDT measurements. This has

important practical implications because the wide KE range

(~1lev) far exceeds the maximum temperature variation possible

( < 900°K ac O.leV), allowing much larger P.A. differences to be
spanned for a single reaction. Also elevated temperature flow tubes
are notoriously difficult to operate and maintain.

The applicability of SIFDT'S to thermochemical problems is quite
surprising since the internal degrees of freedom are not

equilibrated with the translation kinetic energy. The neutral

v w o ey
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reactants maintain 300K rotational and vibraticnal temperatures,
the ions attaln rotational equilibrium with the relative KE in a
few collisions*®, but the ion vibrations do not*?!, at least for
low KE's and the relatively small number of collisions of the

jons with the buffer in typical SIFDT experiments.

We were reinforced in this expectation, or perhaps more properly,
ied to this expectation by experience with the forward and
reverse proton transfers between NzO and CO, for which linear
'an'T ¥3Ef plots vs T-! are obtained?®, yielding reliable proton
affinity differences and entropy changes in reaction, whereas
KE-* van't Hoff plots were markedly non linear . The Arrhenius
plots for both forward and reverse reactions i.e.

k =A exp(-AE/RT) were also linear in this case, whereas the
"Arrhenius” plot for Na2OH*+ reaction with CO as a function of KE-?
was non-linear. We still find non-linear Arrhenius plots for
N2OH* reacting with CO and also with HBr but we find linear plots
for 14 other reactions and it appears that the non-linearity is,
at least to some extent, a problem peculiar to N,OH*, perhaps
related to the existence of two isomeric forms lying very close

in energy.

The present paper shows that reliable PA differences and entropy
changes are obtained from KE-* plots by ccmparison of these
measurements with available data on well understood reactions.
In the case of N:0H-, and presumably for other ions as yet
unmeasured, for which the non-thermodynamic equilibrium is

important, linear plots are not obtained and one would not




attempt to deduce l&H and 155. It seems unlikely therefore

that one would be lead to errors when the SIFDT technique does

fail, as in the case of NzOH-.

The Lindinger et al? paper was a detailed study of flow-drift
tubes using various carrier gases (He, N, Ar) and showed that
the proton transfer reactions of MN,OH* were very dependent upon
the vibrational excitation of the ions and that a helium buffer
was less effective in producing vibrational excitation than a
heavier buffer. This is now well understood from the vibrational
quenching study of vibrationally excited ions that have been

subsequently obtained?,

Experimental

The measurements were made in the Aberystwyth selected-ion flow-
drift tube apparatus which has been described previously®*2. The
ions studied NzOH<-, H:Br-, HCO-, HzCl*®, CF.H*, NOH*, CO-Hd*- and

CH,* were generated in a high pressure ion source using HCl, HB1,

COz, CHa, or CO mixed with H,.

The neutral reactant was added further downstream and the centre
of mass collision energy E.m was varied by varying the axial
drift tube electric field. 1In such an apparatus the forward
reaction rate constant can be determined as a function of Egm-
The corresponding data for the reverse reaction is obtained
straightforwardly in a second experiment injecting the

appropriate ion and neutral species.




Results and Discussion

The nine reactions studied were:-

N2OH* + CO == HCO- + N3O (2)
N.OH* +HBr = HzBr~ + N2O (3)
H.Br* + CO — HCO* + HBr (4)
CH,* + HBr = HzBr- + CHg (5
CF H* + HC1 ey HaCl® + CFq (6)
CF H* + CH4 == CHs* + CF. (7
CFL H" + COz — NCOH> + CF4 (8)
CF H* + CO; = COzH* + CF4 (9)
H;Cl* + HBr = H-Br=- + HCl (10)

The van't Hoff plots for these nine reactions are shown in

j* figures 1 and 2 together with the data of Lindinger et al?® for
reaction(2). It is evident that there is excellent agreement
between Lindinger at al and the present measurements so that the
non-linearity of the van't Hoff plot for (2) 1is not in question.

For reaction(3) the non-linearity 1s even more pronounced and it

PPy Tea

would again be quite impossible to determine either AH or AS .
f 'S

Both the above reactions involve the ion N=OH‘.J

i For the remaining seven reactions (1) to (10), in which N;OH- is
not involved, the pattern is entirely different. These give
linear van't Hoff plots yielding values of AH and AS listed

in Table 1. Such plots can be represented by the expression

ok A

1nk = AS/R - AH/RT = AS/R - 3 \H/2E.. where E = %RT
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This will only yield linear plots if AH and As do not

change significantly over the energy range of the investigation.

Presumably a significant variation of AH and AS with Ecm

would result in a non-linear van't Hoff plot. 1If significant

vibrational excitation of the ions by the strong applied field

occurred this would change the value of Aj{ as the

Ecm 13 varied, producing non-linearity. Therefore 1% can

be concluded that in the case of the 7 good van't Hoff plots

these effects are insignificant. This implies that the value of
As obtained from the intercept should be in good agreement with

that calculated from the entropies of the ions and molecules

involved {in these reactions and this should be a sensitive test

of the above conclusions. The data so obtained is given in Table 1.

The good agreement between the AH's obtained and the established
values and the good agreement between calculated [&S's and the
values obtained from the intercepts establishes the validity of

the SIFDT apparatus for such measurements.

The averaqe deviation in A}ibetween the present measurements and
the proton affinities of ref.9 is 0.36 kcalmol-*, well within the
uncertainty of any present proton affinity scale including that
of ref.9. The average deviaticn in A‘S determined from the
intercepts of Fig.l and calculated values is 1.5 entropy units.
This would correspond to T AS = 0.45 kcalmol-* at 300K and is
generally within uncertainties of the entropies of the ions

involved.




The only ions of Table I whose entropies are known are HCO,~*
(55.6+0.8), CHa* (50.4+0.5) and HCO~ (48.0#0.2) from Bolme et
al®. The entropy of H;Cl- is assumed equal to that of the
isocelectronic H2S, 49.2eu, that of HBr equal to that of H;Se =
54.2eu and S(HNO-) 1is taken equal to S(HCO) = 53.7eu. The one
undetermined entropy S(CF.H*) is determined as the best fit to
equations 6,7,8 and 9 2o that only 6 of the 7 entropy fits are
independent. The values of S(CF.H") deduced {3 66.6eu. This
gives a protonation of CF, of 4.1 eu, consistent with the usual
range of values found e.g. CH. (5.9), HCL (4.6), CO; (4.5), NO
(3.4) and CO(0.8) and HBr (4.9). The quality of these or
probably any other such availahle ion entropies are not

sufficiently good to justifv seriousg structural consideration.

One qualification must be made concerning our

comparisons of[&(PA) values with those of ref.9. namely,
temperature variable measurements involving Cf, and NC protnn
transfer reactions were not carried out in Birmingham and the
values of PA(CF.) and PA(NO) in ref.9 are those deduced from the
present SIFDT studies. One could simply reduce the 7 cases of
agreement by two, leaving 5 cases of agreement to support the
present justification for the use of the SIFDT. The situation

is somewhat better than this however, for two reasons. It 1s
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obvious from the occurrence of very fast proton transfer between

CF, and NO in both directions {(»>10-*°cm®s-') that their PA's are

closely the same, i.e. the uncertainty in their PA difference {s

clearly less than 0.5 kcal mol-* independent of any knowledge of

T or KE dependence. Secondly the PA's of both CF, and NO agree

within better than lkcalmol-? with values previously determined®,

although the new values® are certainly more precise.

There 13 strong evidence that the non-linearity of the van’'t Hoff

plots for reactions (2) and (3) 1s related to the NpOH* ion. A

linear van't Hoff plot implies that there must be linear
Arrhenius plots associated with both k. and k. for each reaction.
For the nine reverse reactions studied we have 18 Arrhenius

plots, 16 of which are linear and 2 are markedly non-linear. The

last two are for the reactions N;OH* + CO -» HCOD- + N,O and NLOH-

+ HBr =% HzBr* + N:O and are illustrated in Figure 3. It is
these two Arrhenius plots which when combined with the twe linear
Arrhenius plots for the appropriate reverse reactions produce the

two non-linear van't Hoff plots of Figure 2 that are associated

with reacticons (2) and (3).

To supplement the above data there are (wo cther reactions which

have been studied previously, but which were measured in one

direction only. These are

HBr+ + CH =~ CHs" + Br and (11)

HBr+- + CO, —» CO.H* + Br (12)
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so that only Arrhenius plots for the reverse direction are
available, but these can be used to establish an approximate

link to Br although this link 13 less accurate since the slope of
the forward reaction Arrhenius plots are not known. The
uncer%ainty in the estimates of the small temperature dependences
of the fast exothermic reaction is the origin of the uncertainty
in the present PA scale®. The Arrhenius plots give t;l{ = 0.6
and 3.0 kcal mol-* respectively. The value 3.0 kcal mol-* for
(12) agrees well with the value deduced from the T dependence

of (12), to which the PA scale 1is tied®. The Arrhenius plot for

HBr* + CH. 13 shown (n Fig.3.

Let us consider briefly, and speculatively. why SIFDT studies of
proton transfer reactions may yield linear Arrhenius rate
constants, and therefore linear van't Hoff equilibrium constant
plots, yielding correct values of A}!and.AS, as we have

established for the present several cases.

wWhat 13 clear is that rotations and vibrations of the neutral
reactants are not excited in the SIFDT, i.e. they remain in a
thermal (300K) distribution, It i3 also likely that the ions are

rotationally equilibrated with the relative KE, consistent with
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theoretical prediction®® and experiment!® in the case of atomic
buffer gases, as for He in the present case. The major
uncertainty concerns ion vibrational excitation. It is uncertain
to what extent the ilons are vibrationally excited in the He
buffer gas. The presumptive evidence, from the validity of the
KE "van't Hoff" plots 1is that rotations and vibrations play no
role. As a general observation, it has been commoni} observed
that exoergic proton transfer occurs on nearly every collision
for small molecules such as considered here. This suggests that
the sole criterion i3 energy and not the rotational and
vibrational states involved except as they contribute to making

an endoergic reaction exoergic.

with regard to rotation, one does not expect & significant
rotational effect in such reactions, in part because the
rotational quanta are so small and one expects small[&J change
propensities, a sort of angular momentum conservation.

Recently Viggiano et al®** have made the first specific rotatiocnal
dependence studies for ion molecule reactions and find the

effects to be small.

With regard to vibration, He is an extremely poor vibrational
exciter, especially for the high frequency H stretching modes and
most of the experiments are carried out at energies below the H
stretchingy energy threshold. The linearity of the plots of
Fig.l. clearly indicate that there is not an onset of

vibrational excitation with a consequent sharp change of
reactivity. The extent of vibrational excitation of the lower
frequency bending modes is unkncwn, and quite possibly signficant

but apparently does not yield an effect.
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The proton transfer reaction

Hz* (v) + Hz —» Ha* + H, (13)

known to be proton tranafer and not H atom transfer as a result
presumably of the much weaker Hz* bond, has been studied as a
function of v and KE*®. The results are quite consistent with
the present deduction of a weak vibrational effect. The cross
section decreases very slightly with v at low E.. = O.lleV and
very much less at E_,,.. = 0.46eV and not at all at Ecm = 0.93eV.
At low centre of mass KE's, where there 13 a slight change 1in
rate constant with v, there would be no vibrational excitation in
a drift tube ( it would be energetically impossible) and at high
KE where there might be vibrational excitation there i3 no
vibrational effect on rate constant. One does not know how
generalized this situation 13 but {t accords well with present

findings.

It is known that vibrational energy can effectively drive an
otherwise endoergic reaction, e.g. the slow endoergic HCl* (v=0)

+ N —» N.H* + Cl becomes very fast for v = 1o,

With regard to the very non linear behaviour of the N:OH*
reactions, shown in Fig.2, we might suppose that this is a
consequence of the occurrence of two isomeric forms, Nz:OH* and
N2OH*, separated by only 6 + 1.3 kcal mol-* *?-28_ There are
also two, isomeric forms of HCO- and HNO* but the energy
separations are much larger, larger than the KE's involved in the
drift tube. The two forms are known to be produced in the SIFDT

source and to have different reactivitiesi®. Since the van't
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Hoff temperature plots were well behaved?®-®, one may ask why the KE
plots were different. One possibility is that the different ion
sources produced different distributions of isomers. Possibly in
the higher pressure variable temperature flow tube ion source the
ions were relaxed to the lowest energy form. Alternatively,
perhaps the higher energy collisions in the SIFDT, where the non-
linearity becomes severe, induce transitions between the two
isomers.

Conclusions

The use of SIFDT's, in which rate constants are measured as a
function of relative ion-neutral kinetic energy has been found to
yield linear Arrhenius plots for a number of forward and reverse
proton transfer reactions and hence linear van’'t Hoff plots from
their ratio. The values of AH and AS are found to be in
excellent agreement with the established values for these
reactions. The only deviations from linearity observed involved
protonated nitrous oxide. This may be related to the existence
of two closely lying N;OH* isomers, only 6 kcal mol-! apart in
energy. It thus appears that KE van't Hoff plots are often
linear and when they are they yield valid thermochemical data.
When such plots are not linear, for whatever reason, for example
as a consequence of the inherent non-thermodynamic equilibriyum
between vibrations and translations in a drift tube, this will
not lead to error since the non-linearity will preclude such use.
This expanded role for flowdrift tubes is potentially very useful
because of the extremely limited capability for making temperature

variable ion-molecule reaction rate constant measurements
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Table I

values of (\H and AS from 1nKeq = AS/R - 3AH/2Eqm

(Text  Reaction -AH - An® As  AS(calc)
No). kcalmol-?* eu

4. H:Br* + CO = HCO* + HBr 2.0 2.6 1.4 -4.1
5. CHs* + HBr = H2:Br* + CH, 9.1 8.8 -1.7 -1.0
lo. Hz2Cl~ +HBr = H,Br- + HCl 6.0 5.8 +0.6 +0.3
6. CF4H* + HCl = HxCl- + CF, 7.0 6.5 -0.2 +0.5
7. CF4H*" + CHqa = CHa* + CF, 4.0 3.5 -1.7 -1.8
8. CF.H* + NO = HNO- + CF, g.6 a.5 -3.7 -0.7
9. CF4H* + COz = HCOz* + CFq 1.7 2.0 +0.4 +0.4

Entropies of neutrals from Benson (Ref.20)

Entropies of HCO-
S(Hz2Cl*) assumed

COzH* and CH,* from Bohme et al (ref.3)
S(H2S) = 49.2 eu

[T T ]

S (HNO*) " S(HCO) = 53.7eu
S(HzBr~*) " S(H:Se}= 52.4eu
S(CFLH") , P G 6.7.8 and 9,266.6eu
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Figure Captions

Showing van't Hoff plots for reactions (4) to (1l0)
Showing non-linear van't Hoff plots obtained for
reactions (2) and (3). Reaction (2): present, &

reference 2, § Reactions (3): present, W

g .

showing Arrhenius plots for reactions (2) and (3).
Reaction (2) : forward A . reverse A .
Reaction (3) : forward @ ., reverse () . The

Arrhenius plot for reaction (11) is also shown plotted

as W .
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f{ON CHEMISTRY OF HC!* AND HBr* AND VIBRATIONAL QUENCHING
RATE CONSTANTS OF HCI*(v = 1) AND DCI*(v = 1),

M. TICHY®, G. JAVAHERY and N.D. TWIDCY, Department of Physics,
University College of Wales, Penglais, Aberystwyth. Dyfed SY 23 3BZ, U.K..

E.E. PERGUSON, Physico-Chimie des Rayonnements,
Universaité Paris-Sud, Bat 350, 91405 ORSAY CEDEX, PRANCE.

A study of vidrationa! quenching of HCi® and DCI® in coliisions with neutrals has been carried out in
order 1o change the ton rotational and vibrationsi energy ieveis while maintaining the interaction potentia’
constant. This provides & critical test of energy transfer modeis Reasctions of HCi" witn SF o anc CF
have been observec with major impiications tor the thermochemistry of these molecules Proton Transter
reactions of HBr* may resotve the current controversy over the proton atfinity scate n the = 120-15C kca!
moi™ range.

EXPERIMENTAL

The Plowing Afterglow system 18 that used for earlier studies of BCl*
chemistry!. vibrationally gxcxted HC1*(DC1*) 1ons are detected by their
fast exothermic proton t:ansfer te N, which A5 2udo T2iwac (an® =1~ for
ground state BCl* ions®. The experiments were complicated, relative to
earlier studies of 0,*? and MO*® vibrational quenching due to several
factors : (1) vidbrational excitation in electron ionization is weak due to
nearly vertical PC factors, (11) substantial ion vibratior depletior
occurs by fast IR emission, (111) the upper 2"1/2 fine structure level
glves a slow endothermic reaction with N, at 30C K which leads to an
interfering background, and {1v) the extreme reactivity of HCl* sharply

limits the possidle quenchers that car be studied.

* Permanent adress - Department of Electronic and Vacuum Physics, Faculty of Mathematics and
Physics, Charias University, Prague 8, CZECHOSLOVAXIA




ViBRRATIONAL QUENCHING

The only tractable quenchers that we discovered were Ar and Kr, other
species reacted with HC1*. The results cbtained with Ar and Kr are given
in Table I. He was the buffer gas and did not measurably quench. is the

number of collis:ons required on average, to quench.

TABLE I
-1 -4 3y -1

Ion vicm ) B(cm ) Quencher kq(cm 8 ) 4
Bcl*(v - 1) 2569 9.96 Ar 3.5(-1C) 2.0
- Kr 6.6(-10) 1.1
3

- He <1 (-12) > 10
DCI‘(V =- 1) 186°¢ 5.12 Ar 1.9(-10) 3.7
- | 4 4.3(-10) 1.7
3

- He < 1(-12) > 10

The results of Tarle I are Btrixing in the large magnitude of the rate
constants and the fact that HCl' is qQuenched slightly faster than DCl*.
The values of kg are orders of magnitude larger than those of 0,* and NO*
by Ar and Kr¥' >, The quenching of HC1* by Kr 1s over 70C times faster than

Not .4,

These observations suppcrt a dominant role for rotational excitation 1in
vibrational quenching for systems with strong long range attractive
forces. The large rotational constants lead to large kq's and the larger
rotational constant of HCl* outweighs the disadvantage of its higher
vibrational frequency which necessitates a larger V - T,R energy
conversion. This conflicts with recent attempts to explain ion vibratio—

nal relaxation by a Landau Teller mechanism®.
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It is consistent with earlier recognition of the dominant role of
rotational excitation in neutral BCl self vibrational relaxation ® and in
HP dimer vibrational prediasociation’. We suggest that ion vibrational
relaxation occurs as Vvibrational predissociation in the transient ion-
guencher collision system resulting from the long range forces. This is an
extension of the bound-continuum vibrational predissocCiation model for
Van der Waals molecule dissociation (half collisions) to & continuum—

continuum vibrational predissociation model for the full collisions.

HCI* REACTIONS WITH SFq AND CF,.

The reaction

BC1Y + sp, — SP,Y + HP 4+ C1 (1)

occurs on every collision, implying AE(SP,*/SF,) < 14.17 eV. Analysis of
this data and that of Richter et al® who found Kr*(?pP, ;) to react with
SP¢ to produce SP,‘, measurements® showing IP(SPy) < 10.16 eV ané D(SF-F}
= 3,95 t 0.14 evi?® lead to values AE(SP,*/SF,) = 13.96 t 0.03 eV and D(SF,

- P) ¢ 3.9 evt} Similarly the reaction
HCit + P, — P, + HP + C1 (2)

was found tc be nearly thermoneutral and AE(CY",*/C?.) = 14.2 ¢ 0.1 eV was
determined*®. Values of both AE's in the literature are much higher ~ 15.5

ev.

HBr* REACTIONS

Proton transfer reactions of HBr* with C0,, CH,, CP,, N,0, NO, SO,, COS
and H,S have been measured. An analysis of these data appears to provide a
resolution cf the current controversy over the absolute proton affinity

scale in the ~ 120-150 kcal mol™! proton affinity range.
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SIFDT STUDIES OF THE REACTIONS OF N,” IONS
WITH H,. D,. AND Ar *

MOTICHY * . ND TWIDDY. D P WAREING

Department of Physies, Universin: College of Wales, Penghas. Aberssiwvth oG Beainy

N.GoADAMS uand D SMITH

Department of Space Research, Universin ot Burnineisam, Birmnchant B1S5 2TT oG Brataim,
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ABSTRACT

The reactions of Ng7owith H.oDLoimd Arand o Ar 7 woth N hase been studied as g
function of centre-of-mass interuction encrgv. £, m heliom carmier 2as gang an SIFDT
apparatus. The rate coetficient Jor each of the reactions nercases with £ From the duta
activation enerates for the N7 =H .o D.ooand Ar reacnons have been obtammed and are
consntent with those prev vusly determined ma truly thernad owans afterzlow expeiment
From a4 consuderation of the rate coefficients for the N« Arand the reverse N vr = N\
ractons, estimates have heen made of the enthaipy and entropy changes i the reactions, the
former parameter relatung o the diffurence between the bond encrgies of N7 2NL and
N LAr From the entrops change. together sath a consideranion of the parttion functions of
the reactants and products. the structure of N A7 has been derved The results of this <udy

have been carefully compared with previous work

INTRODUCTION

That Ny s a stable positive 1on has been appreciated Tor many years {1
[t is readily formed in mitrogen-rich 1onized gases (even at moderate pres-
sures) by three-body (ternary) association of NJ owith N.. The ternany
association reaction rate coefficient has been measured in both N and He
bath gases as a function of temperature in several laboratories tsee refl 2 and
the references cited thereiny. Much interest has centred on its hinding energy

* Dedicated 1o Eldon B Fercuson in honour of his contributions to onie phevsies and

chemtistry
** Permanent address Derartment of Electromies and Vacuum Phyvsios, Facults of Muathe-
muties and Physies. Charles University . Prague, Crechoslovakia

D168-1176 87, 803 50 18T Elsevier Saence Publishers B
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[equivalently the dissoctation energy DIN. =N ). Perhaps the most reliable
experimental determinations are those from equilibria studies due to Teng
and Conway [3] which gives DJINS -Nayas 112+ 0.1 eV (DN = 1.06 ¢V
and from Pavsant and Kebarle (4] for which D4 = 0.99 eV, Also a value of
0.9 = 0.2 ¢V has heen deduced from the appearance energy of N generated
in electron collisions with (N}, dimers {$]. Since the first experimental
ob<ervation of N7 theorists have been interested in determining its geome-
try [6.7] and the electronic states which are responsible for ity sizable
binding energy. Detailed structure calculations {7} have indicated that the
linear conformation of the N atoms is the most stable and 4 binding energy
of 1.32 ¢V has been calculuted.

[t is also known that N7 ions are imvolved in the 1on chemiatry of the
Earth's Tower atmosphere (8]0 an excrung arca of o chenustry o which
Eldon Ferguson has contributed so much. Hence, a good deal of attention
has been given to its reactions with atmospheric and other gases [9.10)].
Amongst the many reactions of N7 which have been studied. that with H.
15 most unusual

Ny~ H.—=N.H < H-N\, (1

This reaction is gquue exothermic (by 1.3 ¢V)y set at 300 K. the rate
coeflficient Aty is onlv 2410 % em’ s ' compared with the collisional
rate coefficient for the reaction, A (1), which s 13 <10 " em' 5 ' Al
At increases dramatically with tnereawing wemperature. as resealad by
variable-temperature flowing afterglow (FA)y studies in helium carrier 2as.
and with increasing N H . centre-of-mass energs. as has been revealed by
the flow drift tube (FDT studies in N. carrier zas, Both studies were carned
out in Ferguson's laboratory at NOAN 9] These co-ordinated FA und FDT

studies also imcluded the analogous reaction

Ny +D,~N.D -D=-N, (2

3

which exhibited similar behaviour.

This work raised the guestion whether 1t s the transhitional enerey
increase between the reactants or the enhanced internal energy of the N
1on which so efficientls promotes reactions (1 and (2). Since these measure-
ments were carried out. a greater understanding has developed of the
importance of vibratonal excitation of molecular ons in dnft wbes and
flow drift tubes [11] and of how such excitation can influence 1on ‘molecule
reactions [12]. This has been possible due to the development of the selected
won flow wbe (SIFT) {13] and the selected jon flow drift tube (SIFDT [14),
In these technigues. the ion source gas (e No for NJ7Y s excluded from the
flow tabe and therefore cannot interact with (e.g. vibratnonalls guenchy the
N, . for example following its excitation in collisions with the carrier gas

[—
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atoms or molecules during its acceleration in a drift field (such an interac-
tion with the source gas could have been occurring in the FA and FDT
experiments described above). In a recent SIFDT study ac Birmingham {15},
N7 ions were gencrated in a high-pressure electron impact ion source
containing N.. injected into helium carrier gas and accelerated in the dnift
field of the SIFDT. At Ny 7He centre-of-muss energies below D(NJ =N, ),
dissocigtion of the N7 1o Ny was observed. This is a clear indication that
vibrational excitation of the N occurs in the N /He carrier gas collisions.
This conclusion was reinforced by the fact that. when isotopically labelled
N. was added o the flow tube, the exchange of N, molecules in NJ /N,
collisions became facile at elesated N7 /He centre-of-mass energies. That
vibrational excitaton of N7 occurs in He collisions strongly implies that
vibrational excitauon will be very efficient in Ny /N, collisions. a conclu-
sion reached previoushy by the NOAA group {9].

In pursuit of a better understanding of the variation of Ach and A(2)
with energy. we have carried out a detailed study of reactions (1) and (2)
using the Abervatws th SIFDT. This has been possible using a high-pressure
1on ~ource based on ot design by Paulson and Dale [16] from which we hine
heen able to nject into the flow wbe substanual NJ currents at energres
sutficiendy low that significant break-up of the N did not occur. This
Facility has enabled us 1o study the near-thermoneutral reaction

N. o+ Ar—=N.Ar - N 3
and adso the resverse process
NCATT N NS - AT (4

since the 1on source also provided substantial vields of NoAr™ Teng and
Conwany [3] have studied mass spectrometrically the equilibrium ratos of the
NSt NCART on signals mea varable-temperature dridt tube contaning
controlled mixtures of atrogen and argon. from which thes have deduced
the mean enthalps change. X" i reaction (31 to be 0.04 eV oover the
temperature range 3007000 Ko This implies that DINJ -An s slighthy
greater than 20N Ny, Our SIFDT kineue data for reactions (3 and «3)
also provide mformation on A7 and AS"(see the Results and Discussion

section).
EXPERIMENTAL

The SIFDT twechimgue has been described in detail o previous pub-
Lications [13.13.17]. Worthy of note here is the structure of the very efficient
venturi-type mlet esuch anlets are essential features in all SIFT and SIFDT
apparatuses [14 recently included an the Abervstwyth SIFDT through
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which ions, generated in a remote ion source. enter the flow tube. Essen-
tially, it consists of an annular slit which surrounds the ion entrunce
aperture and of two sets of small circular apertures located on larger pitch
circle diameters. Carrier gas flows through the slit and through the circular
apertures from a common reservoir. The relative areas of the slit and the
apertures are such that only a very small fraction of the carrier gas flows
through the slit. With this venturi arrangement (which is a hvbrid of the
Birmingham design and the NOAA /York design described in detail in refs,
14 and 18) and the efficient high-pressure ion source {16]. substantial
currents of N7 could be injected into the flow tube at energies sufficiently
low to prevent break-up of the ion in collisions with helium carrier gas (a
N, /He centre-of-masy energy <08 eV was necessary). Thus N count
rates as large as 107 counts 571 were recorded at the downstream detector in
the SIFDT. Similar count rates of N;Ar™ could be obtained by forming
N;Ar T in the ion souree using a mixture of N and Ar as the source gas.
In order to measure rate coefficients in the SIFDT. it is necessary to
determine the reaction (residence) time of the jons at each value of £,°N
(the ratio of the electric field streagth. £, to carrier gas number density, V)
for which the & s required. A convenient way is first o measure the
mobiity, p. of the particular on species as a function of £V prior to the
measurement of k. The procedure for measuring poin the Abervstwyth
SIFDT has been described previously [17.19]. Thus, we measured g for both
NS oand NoArT in room-temperature helium at a pressure of 0235 torr for
values of E°N up o 100 Townsends (100 Tdy. The results are shown

.
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Fig. 1. Reduced mobdities, goas a functnon of £V for N7 and N A7 ons dofting in pure
He carner 2as in the SIFDT from measurements at a He pressuree of about 075 torr and at g
temperature of 200 K. These pdata are used in the calcutation of the rate coethaents and
centre-of-mass energies presented m the other figures.
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graphically in Fig. 1 where it can be seen that p(N.Ar”) somewhat exceeds
w(N, ) over the complete E/N range. The difference in mobility is presuma-
bly due, in part. to the larger size of N7 (4.09 A long) compared with that of
N.Ar* (2.23 A long. see below). The precision of these measurements of p
(+4%) exceeds those for other jon tvpes previously measured by the
Abervstwyth group due to the use of a multichannel scaler with a 1 ps time
resolution. The rate coefficients of reactions (1)-(4) were then measured in
the usual way at a number of E/V values for each reaction using the p
values to calculate the reaction times and also the reactant ion,‘reactant
molecule and the reactant ion/helium carrier gas centre-of-mass energies. E,
and E_. respectively. These energies are readily obuained using the Wannicer
relationship. as has been deseribed in many publications [20.21].

RESULTS AND DISCLSSION

The measured rate coefficients A1) and A¢2y for the reactions of N with
H. and D.. respectively, are shown in Fig. 2 plotted as a function of the
N

Ny 7H. and Ny D. centre-of-mass energies. £ Also represented in Fre 2
for comparison are the data of Lindinger et al. [9] obtaned in N\ carrier gas.

Fra 20 The rate coethoents, 4. as a function of £, Tor the reactions of N7owah H, @ and
Ny owath D.oomm He carrier zas at 300 K The continuous Tines reprosent the previeus data
(from ref. 94 for the same reactions but in N carner 2as The more raprd ase ol 4 wath £2m
the N carmer zas s stinbuted o the oceurrence of sibrational exattation ot the Ny

collistons with N carner 2as mokecules,
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These reactions are exothermic by 1.5 eV and so the very rapid increase in
k(1) and k(2) with E, is indicative of an energy barrier to the reaction.
Hence. given in Fig. 3 are the drift tube equivalents of Arrhenius plots of the
data (k versus E'). The linearity of these plots indicates that an
Arrhenius-type law fi.e. K = A exp( =3 AE/2E,)] represents these data guite
well and the activation energies. AE, obtained from the slopes of the lines
are 0.157 #£ 0.01 eV for the H, reaction (1) and 0.169 + 0.01 ¢V for the D,
reaction (2). The AE derived for reaction (1) is in very good agreement with
the truly thermal value previously obtained from the variation of k(1) with
temperature [9], which is not subject to the doubts inherént in determing A E
vatues from non-thermal drift tube experiments. This agreement between the
A £ obtained in the two different experiments indicates that. in the present
SIFDT experiments in hefium carrier gas over the small £, range from 0.04
to about 0.1 eV, any departures of the rotational, vibratonal populations of
the N tons and the rotational populations of the H. molecules from their
thermal equilibrium valees at a temperature 7,0 given by E, = (3,2) AT,
does not significanthy influence the rate of the reaction, Presumabiy these
remarks also apply o the deuterium reaction (2). Note, however, that the
more rapid increase i Acl) and A2y with £, as observed in the N carrier
gas (see Fig. 23 has been attributed o the vibrational excitation of the Ny
ons, which is efficientdy induced by collisions wath the heasy N carrier gas
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molecules [9]. 1t is clear that vibraton:! excitation of the N, also occurs in
the helium carrier gas at high £/N since the N actually dissociates (see the
Introduction). but it ts obviously much less efficient in He collisions than in
N collisions.

The small difference between the values of AE for the H. and D.
reactions is barely significant within the errors of the experiments and may.
in part. be due to the non-thermal nature of the drift tube experiments.
although an isotope effect on AE is to be expected because of the dif-
ferences in the zero-point energies (and thus in the barrier heights) within
the hydrogenated and deuterated intermediate complexes formed in the
reactions. However. the differences in the magnitudes of A(1) and k(2) at
the sume £, require some comment. This difference is greatest at low £
where the ratio &(D), &(2y is about 3.3 but from an extrapolation to the
high-cnergy limit of £, (i.e. where E, ' = 0, see Fig. 3) the ratio s about 2.5,
In part. these ratios are explained by the differences in the collisional rate
coefficients for the reactions for which 4 is 151 x 10 7 em' 57! for
reaction (1) and 1.08 < 107" em’ s 7' for reaction (2). i.e. a ratio of 1.4, So
the value of 2.5 for kth, A(2) when E' = 0 is presumably accounted for
by the 1.4 factor and a similar factor resulting from an sotope effect. the
origin of which is probably a small difference in the barrier heights to H and
D transter within the N7 7H, and N7 DL complexes. Tt should be noted
that. m the analogous experiments carned out by Lindinger et ab. [9] in N
carrier gas. the observed ratio of Ath), A¢2) changed from about 2.5 at low
£, 1o 1.3 at the highest values of £, but this system, undike the hclium
carrier gas system. does aot approximate to the truly thermal svatem,
espectally at high £, at which the NJis surely highly vibrationally excited.

The rate coefficients for both the N+ Ar reaction (3 and the N. A" -
Nooreverse reaction 4y increase rapidly with £ as s shown an Figo 4
Measurements were niade at £, values up to about 1 eV for both reacuons,
However, it was observed that £, values i excess of about 0.3 eV onitiated
the break-up of NoAr™ tons (almost exclusively to N and A and <o data
relating to reaction 3 above 0.3 ¢V oare not included in Fig. 4. The data for
reaction (3) are plotted in Fig. 3 as an Arrhenius-type plot of In A3 versus
E. " and. as is obvious, a non-linear plot results, unlike those in Fig. 3 for
the N, reactions with H. and D, even though the experiments were carried
out over verv sinilar Ny He centre-of-mass encrgies. E_(The E_ values in
the case of the reactions of Njowith the heavier Ar are much greater than
the £, for the Ny reactions with the lighter H. and D.. even though the £
values are similar), The up-curving of the plot in Fig. § at small £ s
presumably due to the vibrational excrtation of the N ions during ther
collisions with Ar atoms, It the data points above an £, value of Y eV !
for which N iy observed (o begin to break-up. are represented by a straight
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Fig. 4. The rate coefficients, &. for the reactions of N with Arand N:Ar” wigh N, as g
function of £, in He carner gas at 300 K. The sncrease in & with £, is aunbuted o
actisation energy barners m both reactions (see text and Fig. 31 These data are plotted 1 the
forar of 4 van’t Hoff plot i Fig. 6.
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Fig. 5. An “Arrhentus plot” ch versus £, of the data given in Fig, 4 for the reaction of Ny
with Ar. The sobid line represents the data obtarned previousty, alsoin a dnft tube [22)] The
departure of the pornts from the bne at low £ s autrtbuted o the enbancement of & due to
vibratienal excitaton of the N at high £,
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line as shown. then this indicates an activation energy barrier. AE. to the
reaction of about 0.26 eV which is essentially the same as that obtained by
the lnnsbiuck group from their recent drift tube study of reaction (3) {22].
Also, the value o1 A73) obtained by extrapolating the line in Fig. 5 10 zero
E;/ ' is ~35x10 " em’ s ' again the same as that obtained previoush
{22]. This value is a factor of two stnaller than the collisional limiting value
of 62107 em' s7h

Reactions (3 and (3) are the exact reverse of each othes and g the wqiin
k(3) /k(4) can be equated to an equilibrium constant. Thus a van't Hloff plot
of In k(3),/ktd) versus E ' 1s shown in Fig. € for £} values greater than 2
eV "l The slope of the plot indicates a mean enthalpy change. A/17. of
0.09 £ 0.01 eV over the E, range from 0.1 t0 0.23 ¢V and an entropy change.
ASP of 19 =2 mol P K Y This small posstive value of 3447 contrasts
with e small nezative value. already quoted. of ~ 004 ¢y obtained by
Teng and Conway {31 1 Béranee could be due o several reasons
including the different energy regimes over wieh b
performed. In the SIFDT expeniment. 11 cannot be excluded that some
collistonal excitanon of the wns occurred. eren at the low £ used: differen-
tal excitation of the Ny and NoAar” would obvioush be mamifest oy an
erroneous A7 In the Teng and Conway enperiment. competing jomi
reactions in the N Ar mintures could compheate the interpretation of data
The present SIFDT data indicates that 14N 7 NGy iv somewhat greater than
DN -An. contrary o the conclusion drawn from the Teng and Conway
data. Further experiments are aecessars oo rose e s @aaertanmty,

The derived AS" value from the present SIEDT data compares with 135
mol ' K Pobtained by Teng and Conwan o1+ aceth notme that errors in

periments owere
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Frg 60 A “van't Hotf plot” {ln Ach Aty versus £, '] of the data for the Ny = Ar reaction
Cand the NoArT = N reavoon ) from Figo 3 for £ values Tess than 928 oV Above this
£, valoe, vibravoenal excitation of the wny occurred, The slope of the plot sields o salue of
A7 =009 =008 eV oand the mtercept vields w value of A8 =19 -2 T mol K
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this AS"” can result from mass discrimination in the mass spectrometer of
the drift tube experiments. This is not the case in the SIFDT experiment.
which s concerned only with kinetic measurements and not relative ion
signal levels.) The experimentally determined AS" is useful in that it can be
used to determine the approximate structure of the Ny Ar ~ ion. The informa-
tion required to caleulate AS” in reactions (3) or (41 is all available except
for the structure of N, Ai ~ (note that Teng and Conway [3] favour a lincar
structure for this ion. based on the shapes of the molecular orbitals.
although they could not rule out the possibility that the molecule is T-shaped).
It is known that Ny s linear and the bond fengths between the N atoms in
the ion have been determined by ab initio methods [3} and so its moment of
inertia can be readily caleulated. Ny is also known to have a “Y 7 configura-
ton in the ground =tate [3] and. obviousls. a symmetry number of 2 08
appropriate to this fon. N, Ar” can be shown to be =Y by correlation of
electronic states [23]. Clearlv. all the necessary information is readuy avanta-
ble for the Ar atom and the N, molecule and so an expression can he
obtained for AS" in the reaction in terms of the total partition functions of
e spectes involved (which includes translational. rotational. and electronic
contributions: see, for example. ref. 24). the only unknown being the
moment of inertia of Ny Ar” Thus, by then equating the theoretical expres-
sion for AS" to the experimental value, an esiimare can be obtained for the
monent of ertia of the 1on and the value arrved at s 3 u A7 oo
assumption that it ts the fimear species [N N Ar] 7 [t s apparent that the
wn cunnat be aon-lnear sinee this would result in derived momenis of
mertia some two orders of magnitude smaller than that of N which s
caleulated to be 143 0 A7 and. in the light of this, the derived value for hincar
NCArT seems o be very reasonable. Assunung that the N =N bond length.
a.in NJATT iy the same as those in the N ONL don (e NONONUN,
a =108 A, b =193 A [7]). then the N -Ar bond lenzth. ¢ is calculated to
he 115 A (ie. N N7 Ar). not an unreasonable resuit. Clearly. these conclu-
stons could be tested by structure caleulations. In support of the assumpuon
that the NN bond length in Ny AT ™ is the same as that in Nj it is worthy
ol note that Baker and Buckingham [23] have caleulated the NN bond
length in N.CO7 to be 108 AL

CONCLU DING REMARKS

The exothermic reactions 11y and 12y and the near-thermoneutral reactions
(3 and (4 are all slow at room temperature but 4l hecome more efficient as
the centre-of-mass energies of the reactants. £, increase. Tt is evident that
small activation energy barriers are inhibiting all of these reactions. barriers
which can be overcome by increased £, and also by vibrational excitation in
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